Rationale: The "gut-lung axis" is commonly invoked to explain the microbiome's influence on lung inflammation. Yet the lungs harbor their own microbiome, which is altered in respiratory disease. The relative influence of gut and lung bacteria on lung inflammation is unknown.
A provocative connection has been uncovered between the microbiome and lung immunity. This relationship has proven robust across species, disease states, and techniques of study. For example, early childhood microbial exposure confers decreased asthma susceptibility (1), whereas early antibiotic exposure confers increased risk of developing asthma (2) . Clinical trials of probiotics have suggested benefit in the prevention of cystic fibrosis exacerbations (3, 4) and ventilatorassociated pneumonia (5) . In animal models, the severity of allergic airway disease is influenced by antibiotic exposure (6, 7) and dietary manipulation (8) , and microbiome suppression (via antibiotics or use of germ-free mice) influences susceptibility to models of influenza (9) , bacterial pneumonia (10) , acute lung injury (11) , and chronic obstructive pulmonary disease (12) . In most discussions and reviews, these findings are explained via the invocation of a "gut-lung axis," that is, indirect effects of intestinal microbiota on systemic and alveolar immunity (10, 13, 14) .
Yet the lungs, previously considered sterile in health, have been shown to harbor diverse and dynamic communities of bacteria (15, 16) : the lung microbiome. In various disease states, variation in lung microbiota has been correlated with physiologic severity of disease (17, 18) , intensity of alveolar inflammation (19, 20) , rate of disease progression (21, 22) and exacerbation frequency (23) , response to therapy (24, 25) , and mortality (21) . Even in healthy volunteers, baseline variation in lung microbiota is significantly correlated with the character and intensity of alveolar immunity (26) . Thus both in health and disease, lung immunity reflects lung microbiota.
Thus a fundamental question is unanswered: does the baseline immune state of the lungs in health reflect remote (gut-lung) or local (lung-lung) host-microbe interactions (27) ? To date, this question has been unanswerable in human studies, due both to the lack of paired gut and lung specimens from the same subjects as well as the confounding influences of host genetics and uncontrolled exposures. For this reason, we designed an experiment using inbred mice, identical in their genetics, sex, age, and exposure history. With these variables controlled, we could directly compare the microbiota of the gut and lung in their correlations with key features of lung immunity.
We here demonstrate that laboratory mice vary dramatically in their lung microbiota, which cluster by cage, shipment, and vendor. Lung microbiota exhibit more interanimal variability than do upper or lower gastrointestinal microbiota. We show that baseline differences in lung concentrations of key inflammatory cytokines correlate more strongly with lung bacteria than with gut bacteria. Our results provide independent confirmation of the reality and immunologic significance of the lung microbiome in health, and have important implications regarding interpretation of microbiome studies and the reproducibility of experimental models of inflammatory lung disease.
Methods Ethics Statement
The animal studies described in this manuscript were approved by the Institutional Animal Care and Use Committee at the University of Michigan. Laboratory animal care policies at the University of Michigan follow the Public Health Service Policy on Humane Care and Use of Laboratory Animals.
Mice
Eight-week-old female C57BL/6 mice were purchased from Jackson Laboratories and Charles River Laboratories and housed under specific pathogen-free conditions. Mice were studied in sequential weeks over a 4-week period. Mice were housed in five-animal cages, and allowed to acclimate for 2 weeks before harvest at 10 weeks of age. Details regarding experimental exposures, tissue collection, and processing are reported in the online supplement.
16S Ribosomal RNA Gene Sequencing DNA was extracted, amplified, and sequenced according to previously published protocols (28) (29) (30) . Sequencing was performed with the MiSeq platform (Illumina). Details are provided in the online supplement.
Bacterial DNA Quantification
Bacterial DNA was quantified with a QX200 droplet digital PCR (ddPCR) system (Bio-Rad). Details are provided in the online supplement.
Cytokine Measurement
Cytokine concentrations were measured in homogenized lung tissue according to manufacturer instructions, using a Cytokine 20-Plex mouse panel (Thermo Fisher) on the LX-200 platform (Luminex).
Statistical Analysis
Sequence data were processed and analyzed with mothur version 1.35.1 software (31, 32) and the vegan package 2.2-1 and mvabund in R (33) (34) (35) . Details regarding statistical and ecologic analysis are reported in the online supplement.
At a Glance Commentary
Scientific Knowledge on the Subject: In both animal models and clinical studies, disruption of the microbiome influences lung immunity. This is generally ascribed to a purported "gut-lung axis." Yet the lungs harbor their own microbiome, and the relative influence of lung and gut microbiota on lung immunity is unknown.
What This Study Adds to the Field: We here show that in the lungs of healthy mice, variation in baseline innate immune tone more strongly reflects variation in lung microbiota than that of gut bacteria. Lung bacterial communities in experimental mice have high animal-to-animal variation, cluster strongly by cage, shipment, and vendor, and are altered by antibiotics in a microbiologically predictable manner. Baseline lung concentrations of two key inflammatory cytokines (IL1a and IL-4) are correlated with the diversity and community composition of lung bacterial communities. Our results independently confirm the existence and immunologic significance of the murine lung microbiome, even in health. Variation in lung microbiota is likely an important, underappreciated source of experimental and clinical variability.
Results
To answer our research question, we studied 40 healthy, genetically identical mice obtained in four shipments from two vendors (Charles River Laboratories and Jackson Laboratory). We characterized the bacterial communities in the cecum, oropharynx, and lungs, and compared variation in microbiota with variation in lung concentration of key inflammatory cytokines. We quantified bacterial DNA burden by ddPCR of the 16S ribosomal RNA (rRNA) gene, and characterized microbiota by 16S rRNA gene sequencing. We obtained 3,573,615 total reads (18, To measure the absolute abundance of bacterial DNA in murine lungs, we used ddPCR to quantify the 16S rRNA gene in homogenized lung tissue. ddPCR is an ultrasensitive PCR platform that performs absolute quantification with superior resolution at low biomass concentrations (e.g., lung specimens) compared with conventional quantitative PCR (36) . We compared the bacterial DNA composition of homogenized lung tissue with negative control specimens representing potential sources of DNA contamination: sterile water used in lung homogenization, DNA extraction controls (empty bead tubes processed in parallel with tissue specimens), AE buffer used in DNA extraction, and no-template controls for the ddPCR. We detected significantly more bacterial DNA in homogenized mouse lung tissue than in all negative control specimens ( Figure 1A ) (P = 9.2 3 10 212 , collectively; P < 0.0001 for all specific control types). The smallest amount of bacterial DNA detected in lung homogenate was greater than the greatest amount detected among negative control specimens. Figure E1A ). The most abundant OTU detected in procedural and sequencing control specimens (OTU00001; Bacillus) comprised only 2.9% of all sequences detected in lung specimens ( Figure E1B ). By contrast, we found a significant influence of procedural and sequencing contamination on nasal rinse specimens, which we excluded from further analysis. Lung communities were distinct from those detected in oral specimens (P = 0.0006; PERMANOVA) and cecal specimens (P , 0.0001; PERMANOVA). We concluded that the detection of bacteria in lung, tongue, and cecum specimens was not significantly influenced by procedural and sequencing contamination.
Lung Bacterial Communities Are Highly Variable among Experimental Mice
As it has previously been demonstrated that gut microbiota are highly variable among experimental mice (38, 39), we sought to determine the variability in lung microbiota between experimental mice. As shown in Figure 2 , we found marked variation in the bacterial taxa detected in the lungs of mice. There was no "core microbiome," common to the lungs of all mice. No single OTU was detected in the majority of all mice. In many instances, the lung communities of two experimental mice contained zero common OTUs.
Lung Bacterial Communities Cluster by Cage, Shipment, and Vendor
We then sought to determine whether this variation in lung microbiota reflected each mouse's environment. As shown in Figure 2A , lung communities clustered significantly by cage, shipment, and vendor (P < 0.0001 for all comparisons; PERMANOVA). The similarity of lung microbiota across mice (as measured by the Bray-Curtis similarity index) was greatest when comparing mice sharing a single cage, and was increasingly distinct when compared across cages (P < 0.05), shipments (P < 0.0001), and vendors (P < 0.0001) ( Figure 2B ). To provide a clinically and immunologically relevant example, we show in Figure 2C differences in relative abundance of the Streptococcaceae family in lung specimens across cages, shipments, and vendors. Members of the Streptococcaceae family were barely detected in the lungs of mice obtained from Jackson Laboratory (2 of 20 mice, 0.2% of all sequences) but were common and abundant in the lungs of mice from Charles River Laboratories (12 of 20 mice, 9.5% of all sequences). The diversity of lung bacterial communities, as measured by the Shannon diversity index, was also highly variable across cages (P = 0.0002), shipments (P < 0.0001), and vendors (P < 0.0001) ( Figure 2D ). Lung bacterial diversity (Shannon diversity index) was not correlated with lung bacterial burden (16S rRNA gene copies) (P = 0.63; R 2 = 0.006), indicating that variation in lung diversity was not an artifact of differences in bacterial burden. Figure E2 shows that clustering of mice from the same vendor was found for oral and cecal bacterial communities, with less intercage variation among mice from the same shipment than was observed for lung microbiota (P . 0.05). Of note, for gut and oral bacterial communities, intragroup similarities for mice from the same vendor and shipment were higher than were seen for lung bacterial communities.
Lung Microbial Communities of Healthy Mice Converge with Increased Duration of Cohousing
Having determined that the lung communities of healthy mice cluster by their environment, we then asked how rapidly lung communities change after changes in environment. To determine the temporal dynamics of lung microbiota, we performed an experiment testing various durations of cohousing. We obtained healthy, genetically identical mice from two different vendors and placed them in shared cages. We characterized the bacterial communities of the lungs, tongue, and cecum at various durations of cohousing (Day 0, Day 1, and Day 7).
As shown in Figure 3 , the lung communities of cohoused mice rapidly converge. The lung communities of mice acquired from different vendors, although distinct on Day 0, converged by Day 1 and were indistinguishable by Day 7 ( Figure 3A) . In dramatic contrast, the cecal communities of cohoused mice remained significantly distinct by vendor even after 7 days ( Figure 3B ). Oral communities, like lung communities, were distinct on Day 0 (P = 0.0002) but converged by Day 1 (P = 0.7271). We thus concluded that lung microbiota, like oral bacteria, are more dynamic and rapidly susceptible to environmental influence than are lower gastrointestinal bacteria.
Lung Microbiota of Healthy Mice Are Altered by Antibiotics in a Microbiologically Predictable Manner
Having demonstrated that murine lung bacteria are variable and cluster by environment, and given the welldemonstrated observation that antibiotic exposure influences susceptibility to inflammatory lung disease (2, 6, 7, 9-12), we then asked whether lung microbiota are altered by antibiotic exposure. We treated healthy adult mice with systemic ceftriaxone, a third-generation cephalosporin antibiotic selected because of its common clinical use, its favorable lung penetration, and its welldefined antimicrobial spectrum of coverage (selective activity against gram-negative bacteria). We exposed healthy, cohoused, adult C57BL/6 mice to various durations of systemic (intraperitoneal) ceftriaxone (50 mg/kg/d) and assessed taxonomic changes in lung bacterial communities. We focused on the relative abundance of Proteobacteria and Firmicutes, respectively, the most abundant phyla of gram-negative and gram-positive bacteria commonly detected in lung communities. As predicted, the lung communities of ceftriaxone-treated mice had lower relative abundance of the Proteobacteria (gram-negative) phylum (P = 0.002) ( Figure 4A ). In contrast, ceftriaxonetreated mice had higher relative abundance of the Firmicutes (gram-positive) phylum (P = 0.009) ( Figure 4B ). We thus concluded that even in health, the lung microbiome can be altered by antibiotics in a microbiologically predictable manner.
Lungs of Healthy Mice Vary in Concentrations of Key Cytokines Involved in the Innate and Adaptive Immune Response
We then asked whether the baseline immune tone of lungs is also variable across healthy mice. To broadly characterize lung immune status, we used a multiplex cytokine assay with the Luminex LX-200 platform. Concentrations of lung cytokines are shown in Table E1 . As expected in uninjured, uninfected mice, concentrations of many acute inflammatory cytokines (e.g., TNF (tumor necrosis factor)-a, IFN-g, and IL-10) were largely below the limit of detection of the assay. However, two cytokines (IL-1a and IL-4) were notable in their mouse-to-mouse variability and their broad detectability. We chose to focus our analysis on these two key cytokines that serve as important indices of the innate (IL-1a) and adaptive (IL-4) immune response of the lungs (40) (41) (42) (43) .
As shown in Figure 5 , we observed wide variability in basal concentrations of both cytokines in the lungs of healthy mice. Although we found a greater than 20-fold difference in lung concentrations of IL-1a among individual mice, we detected no significant correlation between environment and IL-1a concentrations, as analyzed by cage, shipment, or vendor (P . 0.05 for all comparisons) ( Figure  5A ). By contrast, we found a significant relationship between lung IL-4 concentrations and cage (P < 0.0001), shipment (P = 0.0263), and vendor (P = 0.0040) ( Figure 5B ). As a specific example, two cages of mice obtained from Jackson Laboratory had undetectable IL-4 concentrations in the lungs of four of five mice, whereas two cages obtained from Charles River Laboratories had IL-4 detected in all mice with mean concentrations greater than 10 pg/ml.
Lung Concentrations of Inflammatory Cytokines Correlate with Differences in Lung Microbiota
We then asked whether this variation in lung immunity reflects variation in lung, gut, and oral microbiota. We compared the burden, diversity, and community composition of bacterial communities with lung concentrations of IL-1a and IL-4.
We first compared the burden of lung communities with indices of lung immunity. We found no relationship between lung bacterial burden (16S rRNA gene copies) and lung concentrations of IL-1a (P = 0.832; R 2 = 0.001) and IL-4 (P = 0.717; R 2 = 0.004). This indicates that variation in these key inflammatory cytokines is not attributable to differences in total lung bacterial burden.
We then compared diversity of lung, oral, and gut communities with indices of lung immunity. As shown in Figure 6A , we observed a significant negative correlation between lung community diversity (as measured by the Shannon diversity index) and lung concentrations of IL-1a (P = 0.0005; R 2 = 0.2760). Diversity of lung bacteria was significantly and negatively correlated with lung concentrations of IL-4 (P = 0.0021; R 2 = 0.2228). Lung concentrations of IL-4 were also significantly correlated with diversity of oral (P = 0.0044) and cecal (P = 0.0221) bacterial communities ( Figure 6B ). Yet notably, we found no correlation between the diversity of oral and cecal microbiota and lung concentrations of IL-1a (P . 0.05 for both) ( Figure 6B ). Thus baseline lung concentrations of IL-1a are exclusively correlated with the diversity of lung microbiota, and are unrelated to the diversity of gut and oral bacteria. We then compared community composition of lung, oral, and gut communities with indices of lung immunity. As shown in Figure 6C , we found a significant relationship between lung community composition and lung concentrations of IL-1a (P = 0.00184; PERMANOVA). No relationship was found between the community composition of oral and gut bacteria and lung concentrations of IL-1a ( Figure 6D ). By contrast, lung concentrations of IL-4 were significantly correlated with the community composition of bacteria in the lungs (P = 0.00002), tongue (P = 0.00565), and cecum (P = 0.00323) ( Figure 6D ).
To determine whether specific community members were associated with lung concentrations of either cytokine, we used the mvabund function in R, which performs analysis of multivariate abundance data against measured gradients (such as cytokine concentrations) and conservatively controls for multiple comparisons. As shown in Table E2 , no specific taxa were individually responsible for the correlation between community composition and elevated concentrations of IL-1a. Among candidate taxa, the Erysipelotrichaceae family was most closely associated with lung IL-4 concentrations. This family of anaerobic and microaerophilic bacteria was the third most abundant family in lung specimens, detected in 16 of 40 mice, comprising 8.9% of all lung bacterial sequences when present ( Figure 6E ). By linear regression, variation in relative abundance of Erysipelotrichaceae explained more than one-quarter of the variation in lung IL-4 concentrations (nominal P = 0.0004; R 2 = 0.288). Concentrations of IL-4 in the lung were less strongly associated with relative abundance of Erysipelotrichaceae in oral communities (nominal P = 0.0294; R 2 = 0.119) and were unrelated to relative abundance of Erysipelotrichaceae in cecal communities (nominal P = 0.69; R 2 = 0.004). The Erysipelotrichaceae family was comparably abundant in tongue communities (detected in 17 of 40 mice, comprising 8.7% of bacterial sequences when present) and uncommon in cecal communities (detected in 11 of 40 mice, comprising 1.7% of bacterial sequences when present). We thus concluded that our key index of the lung's innate immune response, IL-1a, reflects the diversity and community composition of lung bacteria, not oral bacteria or cecal bacteria. Another key cytokine involved in the lung's adaptive immune response, IL-4, reflects the diversity and community composition of bacterial communities throughout the aerodigestive tract (lung, mouth, and cecum). Additional comparisons of detectable lung cytokines (IL-2, VEGF [vascular endothelial cell growth factor], and MIG [monokine induced by IFN-g]) and features of lung, oral, and cecal communities are reported in Table E3 .
Lung Microbiota of Healthy Mice Are Not Influenced by Inhibition of IL-1a Activity
The strong correlations identified between lung microbiota and lung concentrations of IL-1a could reflect multiple causal relationships: IL-1a could influence lung microbiota; lung microbiota could influence IL-1a concentrations; or both could be effects of a third, unmeasured cause. To determine whether IL-1a influences lung microbiota, we asked whether inhibition of IL-1a activity influences lung microbiota. We did this by administering a neutralizing antibody against the IL-1 receptor, which nonspecifically blocks the activity of both IL-1a and IL-1b. We compared the lungs of IL-1-inhibited mice with those of genetically identical, cohoused mice administered IgG isotype control.
The lung communities of healthy mice were not detectably altered by 1 week of IL-1 inhibition. IL-1 inhibition did not significantly change the diversity of lung bacteria, measured either via the Shannon diversity index ( Figure 6F ; P = 0.209) or by community richness (unique OTUs per 10,000 sequences; P = 0.1027). The community composition of lung bacteria was not distinct among IL-1-inhibited mice (P = 0.2757; PERMANOVA). IL-1 inhibition did have a significant effect on oral communities (P = 0.017; PERMANOVA) but not on cecal communities (P = 0.7282; PERMANOVA). The diversity of oral and cecal communities, measured both by Shannon diversity index and unique OTUs per 10,000 sequences, was unchanged by IL-1 inhibition.
We thus concluded that the strong correlation between IL-1a and lung microbiota is not explained by the effect of IL-1a on lung bacteria. This suggests that the identified correlation between lung microbiota and lung IL-1a may be attributable to the local effects of lung microbiota on host immunity rather than the inverse (the effects of lung immunity on lung microbiota).
Discussion
The core finding of our study is that the lung microbiota of healthy mice are highly variable, cluster strongly by environment, are altered by antibiotics, and correlate with concentrations of key inflammatory cytokines in the lung. Concentrations of the inflammatory cytokines IL-1a and IL-4 in the lung more strongly reflect local (lung-lung) interactions than they do remote (gut-lung) interactions. The correlation between the lung microbiome and host response is incompletely explained by the host's influence on lung microbiota. Our results underscore the reality and immunologic significance of the lung microbiome in health, and have important implications both for the interpretation of human studies and for the experimental study of inflammatory lung diseases.
The "gut-lung axis" is commonly invoked (10, 13, 14) to explain the welldemonstrated association between perturbation of the microbiome and alterations in lung immunity and susceptibility to inflammatory lung disease (1-6, 8-12 ). Yet before the current study, no direct comparison has been made between gut and lung microbiota regarding their relative influence on baseline lung innate immunity. In our controlled study, we found that key indices of baseline lung immunity more closely reflect lung microbiota than they do lower gut microbiota, demonstrating that local (lung-lung) interactions between the host and microbiome are as important as remote (gut-lung) interactions in health. This observation has implications for the interpretation of human microbiome studies, which commonly sample only stool (and not lung specimens), presumably due to the relative convenience of specimen collection. As microbiome interventions (such as systemic antibiotics) impact both gut and lung microbiota (44) (45) (46) , it will be crucial for subsequent studies of the role of the microbiome in respiratory disease to consider both gut and lung microbiota (27) .
Our findings have important experimental implications beyond the field of lung microbiome studies, and may identify a partial explanation behind the socalled "reproducibility crisis" (38, 39, 47) . Inbred mice are widely used for experimental research because they permit the controlling of confounding variables: genetics, sex, age, exposure history, and so on. Yet it has been thoroughly established that between-mouse differences in gut microbiota convey profound differences in host immunity (e.g., the presence of segmented filamentous bacterium inducing the development of IL-17-producing CD4 1 T helper cells [48] ). Our findings extend this observation to lung microbiota, and indicate that the lung microbiome may represent an important unmeasured confounder in experimental models of lung immunity. Although this source of experimental variation may be controlled via use of germ-free and gnotobiotic mice, this solution is expensive and impractical for routine use. Rather, we recommend that key findings in experimental models be validated using mice acquired from various environmental sources (vendors, shipments, and breeding facilities) to Figure 6 . (Continued). IL-1a were not correlated with the diversity of tongue or cecal microbiota. Lung concentrations of IL-4 were significantly and negatively correlated with community diversity of lung, tongue, and cecal bacteria. (C) The community composition of lung microbiota was significantly associated with lung concentrations of IL-1a: specimens with similar microbiota had similar concentrations of IL-1a. (D) Although lung IL-1a concentrations were significantly correlated with lung microbiota, they had no detectable relationship with tongue or cecal microbiota. Lung IL-4 concentrations were most strongly correlated with lung communities. (E) The anaerobic Erysipelotrichaceae family was not detected in negative control specimens and was enriched in the lungs of mice with low concentrations of IL-4. (F) Inhibition of IL-1a via systemic antibodies to the IL-1 receptor had no effect on lung community diversity or community composition. Significance was determined by (A and B) linear regression, (C and D) permutational multivariate ANOVA, (E and F) t test, and (E) mvabund. Data presented in E and F are means and SEMs. PC1 and PC2 = principal components 1 and 2; PERMANOVA = permutational multivariate ANOVA. ensure their robustness across a variety of microbial contexts. By interrogating the relationship between lung microbiota and lung immunity in health and disease models, we hope the field will identify novel targets for biologic and therapeutic study at the host-microbe interface.
Given the ubiquitous use of mice in the study of inflammatory lung disease, it is crucial to determine the immunologic and biologic significance of variation in murine lung bacteria. One research group reported their difficulty in detecting lung bacteria in one-third of the healthy adult mice studied (49) . Despite technical limitations to their approach (e.g., omitting quantification of total bacterial DNA burden, studying a single shipment of mice, using small sections of excised lung tissue rather than whole lungs, not using the touchdown PCR protocol preferred for low-biomass amplification [50] ), the authors interpreted this lack of signal as evidence of lung sterility. Our results demonstrate the danger of such premature generalization. We show here that lung bacteria, when studied optimally, are indeed detectable in healthy mice, are altered by housing conditions and antibiotics, and are correlated with key features of lung immunity. In fact, multiple research groups have detected lung bacteria in mice, and the murine lung microbiome has been correlated with age (51), sex (52), environment (51), inflammation (12, 52) , and lung injury (53) . Taken together with the existing literature, our results underscore the reality and immunologic significance of a distinct lung microbiome, even in healthy mice.
We identified a strong association between concentrations of a key index of innate immunity, IL-1a, and baseline difference in lung bacteria. IL-1a is constitutively expressed by lung epithelial cells as well as alveolar macrophages, and is considered a "frontline" cytokine in the lungs' defense against bacterial pathogens (40, 43) . Its production is stimulated by microbial exposure (40) and mediates neutrophil recruitment and activation of the innate immune response (43) . IL-1a is released into the extracellular space by stressed and necrotic cells, and is immediately biologically active without need for subsequent cleavage (42) . It thus functions as a damage-associated molecular pattern, provoking a local cascade of inflammatory mediators (54) . It is thus immunologically plausible that variation in IL-1a would reflect differences in local microbial exposure, as demonstrated by our culture-independent approach. Our results demonstrate that the lungs' innate immune apparatus is not only relevant in the context of acute infection, but rather is continuously calibrated to the identity and diversity of lung microbiota. IL-4 is a critical cytokine in the adaptive immune response. In contrast to IL-1a, variation in lung concentrations of IL-4 was correlated not merely with lung communities but also with microbiota of the tongue and cecum. Further study will be needed to elucidate the relative contribution of gut and lung bacteria to the lungs' adaptive immune response.
The ecologic and microbiologic features of the lung microbiome that are most strongly correlated with baseline concentrations of inflammatory cytokines merit further consideration and study. Baseline lung IL-1a concentrations were strongly correlated with the diversity of lung bacteria, with the latter explaining 28% of variation in the former. We have previously demonstrated that in the human lung microbiome, low community diversity is associated with clinical, immunologic, and ecologic features of pneumonia: positive culture growth, high alveolar neutrophilia and catecholamine concentration, high relative abundance of a dominant taxonomic group, and high bacterial DNA burden (55, 56) . Yet the mice in the current study were nonmorbid and exhibited no clinical evidence of pneumonia. Our findings demonstrate that the relationship between lung microbiome diversity and lung inflammation exists even in health, and is not reserved for conditions of acute infection. In fact, we found no correlation between total bacterial DNA burden (measured by the highly sensitive ddPCR platform) and indices of lung immunity, suggesting that in the lungs of healthy mice, relative abundance (who is present) matters more than absolute abundance (how much is present). Given our current understanding of the ecology of the respiratory tract, we suspect that interactions at the host-microbiome interface are dynamic, bidirectional, and continuous (15, 16) . We also found a dramatic relationship between baseline lung concentrations of IL-4 and the relative abundance of the Erysipelotrichaceae family: these bacteria comprised 5% of lung bacteria in mice with low lung concentrations of IL-4, but were undetected in mice with elevated lung IL-4. This bacterial family, composed of anaerobic and microaerophilic organisms, would not be detected by conventional aerobic culture techniques. Provocatively, the Erysipelotrichaceae family has been shown to be markedly enriched in the fecal microbiome of mice treated with a low-fiber diet, which is associated with increased severity of allergic airway disease (8) . Within the gut microbiome, the presence of specific bacteria has been shown to stimulate host immune maturation, for example, induction of T-helper cell type 17 cells by segmented filamentous bacteria (48) . Our findings provide direction for further interrogation of the host-microbiome interface: does the presence of Erysipelotrichaceae mute IL-4 production, or are conditions of elevated IL-4 inhospitable to the growth of Erysipelotrichaceae? The lack of a detectable effect of IL-1 inhibition on lung bacterial communities suggests that the causal relationship behind these host-microbiome correlations is at least in part driven by the effect of the microbiome on the host. Considerable cell-to-cell and organism-toorganism variability exists even among genetically identical organisms; beyond microbial variation, some of this variation is likely attributable to nonmicrobial factors such as epigenetics, nongenetic inheritance, and subtle microenvironmental differences in cell stimuli (57) .
Our findings revealed fundamental differences in the ecology of the lungs and gastrointestinal tract. Although lung communities clustered significantly by environment, within-cage and withinshipment similarity of lung microbiota across mice was modest compared with the tight clustering observed in oral and cecal communities. This relative difference in b diversity (high in lung communities, moderate in tongue communities, and low in cecal communities) reflects fundamental differences in the ecology of these anatomic sites. The lungs are topographically outside of the body, and are continuously exposed to potential sources of microbial immigration (inhalation, aspiration, and mucosal dispersion [15] ). In human studies, lung microbiota exhibit minimal evidence of site-specific selective pressure (58) , indicating that the lung microbiome is instead determined by the dynamic balance of microbial immigration and elimination (the "adapted island model of lung biogeography" [15, 59, 60] ). By contrast, the cecum is an ecologically "protected" site with numerous barriers to microbial immigration: in order for bacteria to invade and occupy an animal's cecum, they must survive both the low pH of the stomach and the high pH of the duodenum before outcompeting the high-biomass communities of the lower gastrointestinal tract. This ecologic interpretation is supported by the differences in stability of lung and cecal communities over time when animals are cohoused (Figure 3 ): lung communities are dynamic and rapidly converge in cohoused mice, whereas cecal communities remain distinct and resistant to change even after 1 week of cohousing. Our findings, taken together with parallel observations in a human study by Segal and colleagues (26) , confirm that although transient and dynamic, lung microbiota are not invisible to the host, and are reflected in variation in baseline host immune tone.
In summary, these data demonstrate that the lung microbiota of healthy mice are highly variable, cluster strongly by environment, and correlate with concentrations of key inflammatory cytokines in the lung. In healthy mice, the immune tone of the lungs reflects local (lung-lung) microbe-host interactions more strongly than it does remote (gut-lung) microbe-host interactions. Our findings suggest that variation in lung microbiota is an important, underappreciated source of experimental and clinical variability in health and inflammatory lung disease. n Author disclosures are available with the text of this article at www.atsjournals.org.
